In Drosophila, detection of tastants is thought to be mediated by members of a family of 68 gustatory receptors (Grs). However, only one receptor, Gr5a, has been associated with a sugar, and it appears to be activated specifically by trehalose. It is unclear whether other sugar receptors are activated by single or multiple sugars. Currently, no Grs are known to colocalize with Gr5a. Such Grs would be candidate sugar receptors because Gr5a-expressing cells function in the responses to attractive tastants. Here we use an ''mRNA tagging'' approach to identify Gr RNAs that are coexpressed with Gr5a. We found that all seven Grs most related to Gr5a (Gr64a-f and Gr61a) were expressed in Gr5a-expressing cells, whereas none of the other Grs examined were enriched in these Gr neurons (GRNs). We characterized the role of one Gr5a-related receptor, Gr64a, and found that it was required for the behavioral responses to glucose, sucrose, and maltose. Gr64a was required for GRN function because action potentials induced by these sugars were dependent on expression of Gr64a in GRNs. These data demonstrate that multiple Grs are coexpressed with Gr5a and that Drosophila Gr64a is required for the responses to multiple sugars. gustatory receptor neuron ͉ taste ͉ tip recordings ͉ sugars ͉ behavior
T he ability to sense sweetness is fundamental to the survival of animals, ranging from flies to humans, because it facilitates the identification of edible, nutrient-rich sources. In Drosophila, detection of sweet, bitter, salt, and pH occurs in gustatory receptor (Gr) neurons (GRNs), rather than neuroepithelial cells, as in mammals (1) (2) (3) . GRNs are housed in hair-like structures, referred to as sensilla, distributed at the tip of the proboscis (labella), legs, wing margins, and the female genitalia (2) .
Drosophila has emerged as an excellent animal model to characterize the sensation of taste. Many studies have focused on the development, distribution, and fine structure of the gustatory organs (2) . Moreover, there is recent progress describing the projection patterns of the GRN axons into the brain (4, 5) . However, the mechanisms underlying the detection and transduction of tastant-induced stimuli, such as those involved in the sensation of sweetness, are poorly understood.
In mammals the Ϸ45 Grs fall into two families (T1R and T2R). Multiple T2Rs have been shown to function as bitter receptors, leading to the proposal that all T2Rs may be homomeric bitter receptors (6) (7) (8) (9) (10) (11) (12) (13) . In contrast, the umami response appears to be mediated by a T1R1/T1R3 heteromer (7, (14) (15) (16) . Surprisingly, two receptors, T1R2 and T1R3, may account for all responses to sugars through distinct combinations of T1R2/T1R3 heteromers and/or T1R2 and T1R3 homomultimers (7, (14) (15) (16) (17) (18) (19) (20) . In Drosophila there is a single family of 68 Grs (21) (22) (23) (24) , and the proportion devoted to sweet, as opposed to bitter, tastants is unresolved. Currently, only two Drosophila Grs have been associated with specific tastants. These include Gr66a, which is required in vivo for the avoidance behavior to caffeine (25) , and Gr5a, which has been reported to respond specifically to trehalose (26) (27) (28) .
Expression of Gr66a and Gr5a reporters indicates that these two Grs are expressed in nonoverlapping subsets of GRNs and appear to define most, but not all, of the GRNs that respond to avoidance and attractive compounds, respectively (4, 5) . At least nine additional Grs are expressed in the labellum, and, based on transgenic reporters, all are coexpressed in subsets of the Gr66a-positive GRNs (4, 5) . Thus, as in mammals (3), it appears that the majority of Grs participate in the perception of aversive compounds.
In addition to Gr5a, there must be additional sugar-stimulated Grs because Gr5a has been reported to be tuned specifically to trehalose and Gr5a mutant flies display normal behavioral and electrophysiology responses to sucrose (26) (27) (28) . Other sugar receptors would appear to be coexpressed with Gr5a because Gr5a cells respond to multiple sugars in addition to trehalose (29) . However, it is also unclear whether other sugar-activated Grs are activated by a single ligand as appears to be the case for Gr5a.
Here we used a rapid screening approach to identify other Grs that may be coexpressed with Gr5a. We found that the RNAs encoding all seven Grs, which were most related phylogenetically to Gr5a (Gr64a-f and Gr61a), were coexpressed with the Gr5a GRNs. Because these Gr5a-expressing GRNs function in the response to sweet but not bitter tastants, those receptors that are coexpressed with Gr5a would be candidate sugar receptors. We generated Gr64a-deficient flies and showed that this receptor is required for the attractive behavioral responses to glucose, which is the most widely distributed sugar in plants and animals, as well as to the disaccharides, sucrose, and maltose. We also showed that flies missing Gr64a do not generate action potentials in response to these sugars. These results indicate that multiple Grs are coexpressed with Gr5a and that the one receptor/one ligand paradigm for Gr5a does not apply to all sugar receptors in Drosophila.
Results
mRNA Tagging Approach for Identification of Candidate Sugar Receptors. To identify Grs that were candidate sugar receptors, we tested whether any Gr RNAs were coexpressed with Gr5a. Given that in situ hybridizations to Gr RNAs have been problematic for most Gr genes (4, 5), we used an mRNA tagging approach (30) in combination with the GAL4/UAS system (31). The mRNA tagging approach entails purification of RNAs from specific cell populations using a FLAG-tagged poly(A)-binding protein (PABP). To screen for Grs expressed in Gr5a GRNs, we prepared extracts from dissected labella expressing Gr5a-GAL4;UAS-PABP or Gr66a-GAL4;UAS-PABP transgenes, then immunoprecipated the FLAG-PABP with anti-FLAG antibodies and isolated the mRNAs that were pulled down with the PABP (see Methods).
To test the efficacy of the mRNA tagging, we performed RT-PCR using primers specific for Gr5a and Gr66a. As a control, we performed RT-PCR using primers specific for a panneuronally expressed gene, elav (32) , which was therefore detected in both Gr5a-and Gr66a-expressing GRNs (Fig. 1A) . In contrast to these results, the Gr5a signal was much higher using RNA prepared from Gr5a-GAL4;UAS-PABP than from Gr66a-GAL4;UAS-PABP flies (Fig. 1 A) . Conversely, the Gr66a product was found primarily by using RNA from Gr66a-GAL4;UAS-PABP flies (Fig. 1 A) . These results indicated that the mRNA tagging approach may be an effective assay to examine whether other Grs are expressed in either Gr5a-or Gr66a-expressing GRNs.
Initially we surveyed the expression of a set of eight Grs that were distributed among a variety of branches within the Gr family tree [supporting information (SI) Fig. 5] (22) . Two of the Gr RNAs (Gr22e and Gr32a) were predicted to be enriched in Gr66a-positive neurons because the corresponding GAL4 reporters have been shown to be expressed in subsets of Gr66a GRNs (4, 5) . In addition, we examined Gr63a expression, which was unlikely to be coexpressed with either Gr5a or Gr66a because this Gr encodes a CO 2 receptor (33, 34) . Gr64b belonged to a distinct branch that included the seven Grs most related to Gr5a (28-45% amino acid identities; referred to here as the Gr-S group).
We found that Gr64b was the only one among the eight surveyed that was enriched in Gr5a-GAL4;UAS-PABP flies (Fig. 1B) . In contrast, five of the Gr RNAs were found primarily in the RNA prepared from Gr66a-GAL4;UAS-PABP (Fig. 1B) , including three whose expression had not been previously characterized (Gr33a, Gr39aD, and Gr59f ). No Gr63a product was detected in either RNA sample (Fig. 1B) , which was expected because Gr63a is a CO 2 receptor. A Gr98a RT-PCR band also was not detected, which might be because of its low expression level.
Because Gr64b was among the group of seven Grs most related to Gr5a, we tested whether the remaining six members of the Gr-S group were enriched in Gr5a-GAL4;UAS-PABP flies. We found that the RT-PCR products of all Gr-S RNAs (Gr61a and Gr64a-f ) were expressed predominately in Gr5a-GAL4;UAS-PABP flies (Fig. 1C) . These included Gr64a and Gr64e, despite the report that Gr64a-and Gr64e-GAL4 reporter expression was not detected in the labellum (4) . Thus, of the 14 Grs tested, all seven Gr-S RNAs but none of the other Grs were enriched in Gr5a-GAL4;UAS-PABP flies.
Gr64a Is Required for the Behavioral Responses to Multiple Sugars.
We queried the available P-element collections for insertions that disrupted Gr61a or one of the Gr64a-f genes. One P-element was available (GE24923; Genexel, Daejeon, South Korea), which inserted 336 bp upstream from the 5Ј end of Gr64a ( Fig. 2A) . Flies homozygous for the GE24923 insertion were viable and fertile and showed normal responses to all sugar tested and normal levels of the Gr64a RT-PCR product (data not shown). The flies also showed no significant differences from wild-type flies (Canton S) in their sugar preferences ( Fig. 3A and SI Fig. 6 ).
To generate a deletion flanking the 3Ј end of GE24923, we genetically introduced the transposase because mobilization of P-elements can result in deletions flanking the site of the original insertion. After screening genomic DNA from Ϸ800 lines by PCR, we identified one with a 3.1-kb deletion, which removed all of Gr64a and 868 bp at the 5Ј end of Gr64b. In addition, a 2.0-kb portion of the flanking gene, CG11594, was duplicated and inserted in the deleted region (Fig. 2 A) . The original CG11594 gene was not disrupted by the deletion (Fig. 2B ). This mutant line is referred to as Gr64 ab .
We examined whether the Gr64 cluster genes were expressed in Gr64 ab homozygous flies by performing RT-PCR using total RNA prepared from labella. We found that expression of the Gr64a and Gr64b mRNAs was eliminated, whereas the mRNAs from all of the other four genes (Gr64c, Gr64d, Gr64e, and Gr64f ) in the cluster were still produced (Fig. 2C) .
To determine whether Gr64 ab flies had a defect in detecting sugars, we used a two-sugar choice test. When presented with a choice between 5 mM sucrose and 2 mM fructose, wild-type flies displayed a very strong preference to consume the sucrose (Fig.  3C) [preference index (PI) ϭ 0.97 Ϯ 0.03; n ϭ 6]. This bias for selecting sucrose was not due to an inability to detect fructose, because wild-type flies selected the higher of two concentrations of fructose (5 mM versus 2 mM) ( In contrast, Gr64 ab flies preferred fructose to sucrose ( 
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( Fig. 3A) (PI ϭ 0.45 Ϯ 0.06; n ϭ 5) but retained the ability to select the 5 mM over 2 mM fructose (Fig. 3A) (PI ϭ 0.86 Ϯ 0.02; n ϭ 3). Thus, the behavioral response to sucrose, but not fructose, was defective in Gr64 ab flies. We used the two-sugar choice assay to test the responses of Gr64 ab flies to other sugars. In the case of wild-type flies, there was a strong propensity to consume 20 mM glucose, 10 mM maltose, 20 mM trehalose, or 20 mM arabinose over 2 mM fructose (Fig. 3C ) (PI ϭ 0.98 Ϯ 0.01, 0.94 Ϯ 0.04, 0.89 Ϯ 0.03, and 0.89 Ϯ 0.01, respectively; n ϭ 3-6). The Gr64 ab flies also exhibited a normal preference for 20 mM arabinose over 2 mM fructose ( Fig. 3C ) (PI ϭ 0.92 Ϯ 0.04; n ϭ 3). However, unlike wild type, the Gr64 ab mutant preferred fructose over either glucose or maltose (Fig. 3C ) (PI ϭ 0.11 Ϯ 0.03 and 0.08 Ϯ 0.02, respectively; n ϭ 6). Also, in contrast to wild type, Gr64 ab selected fructose rather than trehalose ( Fig.  3C ) (PI ϭ 0.15 Ϯ 0.02; n ϭ 6), which was surprising given that trehalose is the ligand that activates Gr5a (26) (27) (28) .
Bitter compounds, such as quinine and caffeine, are aversive to wild-type flies, and this response is mediated by GRNs that express Gr66a but not Gr5a (4, 5) . Consistent with the expression of the Gr64a and Gr64b RNAs in Gr5a-expressing GRNs, we found that Gr64 ab flies showed the normal aversion to quinine and caffeine ( Fig. 3B ) (wild type, PI ϭ 0.07 Ϯ 0.02 and 0.06 Ϯ 0.03, respectively; Gr64 ab , PI ϭ 0.11 Ϯ 0.01 and 0.08 Ϯ 0.02; n ϭ 3, respectively). Because both Gr64a and Gr64b were deleted in the Gr64 ab mutant, we addressed whether the defects in the behavioral responses to sucrose, glucose, maltose, and trehalose detection were due to loss of Gr64a or Gr64b. We generated UAS-Gr64a and UAS-Gr64b transgenes and expressed them in Gr64 ab flies under the control of the Gr5a-GAL4. The UAS-Gr64b and Gr5a-GAL4 transgenes did not restore a normal response to any sugar, including trehalose (data not shown). However, introduction of the UAS-Gr64a transgene, in combination with the Gr5a-GAL4, fully restored the preferences for sucrose, glucose, P1 and P2 indicate the locations of the PCR primers used in the primary screen for a deletion flanking GE24923. P3-P8 indicate the primers used in the subsequent analyses. The introns/exons of Gr64a and Gr64b are shown at a higher resolution below. One line (Gr64 ab ) contained a 3.1-kb deletion, which extended from the P-element insertion site to the fourth exon of Gr64b (dashed line), and a duplication of a 2.0-kb portion of CG11594 as indicated.
(B) PCR analyses of the Gr64 ab region. The PCR product using the P1 and P2 primers generated 6.2-and 5.0-kb products from wild type and Gr64 ab , respectively. The P3 and P4 primers, which flank the duplicated region, produce the same products in wild type and Gr64 ab . The P5/P6 and P7/P8 primer pairs produced products only in wild type because of the deletion in Gr64 ab . The precise alterations were determined subsequently by DNA sequencing. (C) Analyses of Gr64a-f RT-PCR products. The control RT-PCR products (rp49, Gr5a, and Gr66a) were not affected in Gr64 ab . The arrows and arrowheads indicate the products generated from the reverse-transcribed mRNA and from the genomic DNA templates, respectively. DNA size markers (kb) are shown. or maltose over fructose (Fig. 3C ) (PI ϭ 0.99 Ϯ 0.01, 0.86 Ϯ 0.04, and 0.96 Ϯ 0.02, respectively; n ϭ 6) but not the trehalose response (PI ϭ 0.22 Ϯ 0.06; n ϭ 6). Introduction of both UAS-Gr64a and UAS-Gr64b with Gr5a-GAL4 also did not rescue the trehalose response (data not shown). Nevertheless, the trehalose defect appeared to be associated with the Gr64 ab mutation, rather than a background mutation, because the phenotype was observed in flies containing the Gr64 ab chromosome in trans with either of two deficiency chromosomes that span the Gr64 locus (SI Fig. 7) . Furthermore, introduction of a transgene that included the entire CG11594 genomic region did not rescue any aspect of the Gr64 ab phenotype (data not shown). These results demonstrate that Gr64a functions in the detection of sucrose, glucose, and maltose in Gr5a-expressing GRNs. As with many Grs, we were unable to detect expression of Gr64a RNA by in situ hybridizations, presumably because of low expression levels.
Sucrose-, Glucose-, and Maltose-Induced Action Potentials Require
Gr64a. To address whether the electrophysiological response to sugars was defective in Gr64a-deficient flies, we assayed tastantinduced action potentials in the GRNs by performing tip recordings (Fig. 4A) . In Drosophila, sugar-induced action potentials can be detected in the GRNs in L, I, or S type bristles, although the highest frequencies and rates of response occur in L type sensilla (35) . Therefore, we applied sugars to L type bristles and compared the frequencies of action potentials in wild type and in the Gr64 ab mutant. In wild-type flies, sucrose, glucose, maltose, and trehalose stimulated high frequencies of action potentials (Fig. 4 B-F) (44.0 Ϯ 6.7, 34.4 Ϯ 8.7, 31.8 Ϯ 5.5, and 33.4 Ϯ 5.7, respectively; n ϭ 5-7), whereas the frequencies of action potentials induced by these sugars in Gr64 ab were dramatically reduced (Fig. 4 B-F) (1.4 Ϯ 0.5, 0.2 Ϯ 0.2, 0.8 Ϯ 0.3, and 0.8 Ϯ 0.5, respectively; n ϭ 5-7). Consistent with the behavioral assays, the reduction in action potentials in response to trehalose was not rescued by either of the wild-type Gr64a or Gr64b transgenes (Fig. 4F ) (0.6 Ϯ 0.04; n ϭ 5 and data not shown). In contrast, introduction of the Gr5a-GAL4 and UASGr64a transgenes restored action potentials to various extents in response to sucrose, glucose, and maltose (Fig. 4 B-E ) (39.6 Ϯ 5.0, 12.8 Ϯ 4.9, and 13.6 Ϯ 3.4, respectively; n ϭ 5-7). These results indicated that Gr64a was required in GRNs for the detection of sucrose, glucose, and maltose.
Discussion
Before the current analysis, the only known Drosophila Grs linked to specific tastants were Gr5a (26) (27) (28) and Gr66a (25) , which are required for the responses to trehalose and caffeine, respectively. All nine of the other Grs shown to be expressed in the labellum appeared to be coexpressed in subsets of Gr66a-expressing GRNs (4, 5) . Thus, there were many candidate bitter Grs. However, the identities of candidate sugar-responsive Grs, or whether any Grs were coexpressed with the trehalose receptor, were not known. An additional question is whether other sugar receptors were tuned to single or multiple sugars.
Because in most cases detection of Gr RNAs by in situ hybridizations has been unsuccessful, we screened for Grs that are coexpressed with Gr5a using an mRNA tagging approach. We found that expression of the seven Grs that were most related to Gr5a (Gr64a-f and Gr61a) were enriched in Gr5a-expressing GRNs. Thus, all eight members of this phylogenetically distinct group, referred to as Gr-S, are candidate sugar receptors. None of the other 14 Grs analyzed here or in previous studies are coexpressed with Gr5a (4, 5) . Because T1R2 and T1R3 seem to account for all of the sugar responses in mammals (16, 36) , it may be that there is a larger repertoire of sugar receptors in Drosophila.
To test the proposal that Gr-S receptors other than Gr5a are sugar receptors, we examined the requirement for Gr64a. An additional question is whether other Drosophila sugar receptors are activated by one or multiple sugars. In contrast to the mammalian sugar receptors, Gr5a was reported to be specifically activated by trehalose (26) (27) (28) . This observation, in combination with the larger number of candidate sugar receptors in flies than mammals, raised the possibility that each Gr-S member may respond primarily to one sugar. However, we found that the Gr64a gene was required in vivo for the responses to the monosaccharide, glucose, and the disaccharides, sucrose and maltose, each of which includes at least one glucose subunit. Gr64a was not essential for the responses to all sugars, because the Gr64 ab flies responded normally to the monosaccharides, fructose and arabinose. Although the defects in the behavioral responses to sucrose, glucose, and maltose were completely rescued by expression of a wild-type Gr64a transgene, only the sucrose response was fully rescued as assayed by tip recordings. The rescues of the electrophysiological responses to glucose and maltose were significant but did not restore the same frequencies of action potentials as in wild type. Although the explanation for this result is unclear, similar findings were reported for rescue of the trehalose deficits in the Gr5a ⌬5 allele by a wild-type transgene (28) . Whereas the behavioral phenotype in Gr5a ⌬5 was restored entirely, the rescue of the electrophysiological response to trehalose was partial.
The trehalose response was also greatly reduced in Gr64 ab mutant flies. This result was unexpected because the response to The averages were based on data collected between 50 msec and 1,050 msec after application of the sugars (n ϭ 5-7). Statistically significant differences between the indicated pairs of data were checked by using the unpaired Student t test ( * , P Ͻ 0.05; ** , P Ͻ 0.01).
this sugar is nearly eliminated in the Gr5a mutant, and Gr5a is sufficient to confer trehalose sensitivity in S2 cells (26) . Nevertheless, there is small residual trehalose response in the Gr5a mutant (28) . The trehalose defect in Gr64 ab flies did not appear to arise from a background mutation in Gr5a, because the phenotype was observed in flies in which the Gr64 ab deletion was placed in trans with deficiencies that spanned the Gr64 locus. Thus, the question arises as to the identity of the second trehalose receptor. The deletion in Gr64 ab disrupts both Gr64a and Gr64b, and introduction of a wild-type UAS-Gr64a transgene under the control of the Gr5a-GAL4 restores normal responses to sucrose, glucose, and maltose, but not to trehalose. Thus, Gr64b may be a trehalose receptor. However, a UASGr64b transgene alone or in combination with the UAS-Gr64a failed to restore a trehalose response in flies containing the Gr5a-GAL4 (Y.J. and C.M., unpublished data), suggesting that either Gr64b is not a trehalose receptor or the transgene is nonfunctional.
A general issue concerning the Drosophila Grs is whether they typically form homo-or heteromultimers. An indication that at least some Grs form obligatory heteromultimers is that misexpression of just one of the two CO 2 receptor genes, Gr21a or Gr63a, in CO 2 -insensitive antennal neurons is insufficient to confer CO 2 sensitivity to these cells. However, coexpression of both Gr21a and Gr63a induces CO 2 responsiveness (33, 34) . Misexpression of just Gr64a in Gr66a GRNs did not elicit an aversive response to sucrose, glucose, or maltose or result in sugar-induced action potentials in Gr66a GRNs (Y.J. and C.M., unpublished data). Similarly, expression of the caffeine receptor Gr66a in Gr5a-expressing cells does not confer caffeine sensitivity to these cells (S.J.M. and C.M., unpublished data). These results raise the possibility that these and possibly other taste receptors in flies are obligatory heterodimers, as is the case for the CO 2 receptors. The other Gr-S members would appear to be the best candidates for forming heteromultimers with Gr64a. Finally, we propose that the mRNA tagging approach applied here can be extended to identify pairs of Grs that are expressed together in smaller subsets of GRNs and would therefore be excellent candidates for forming heteromultimers.
Methods
Genetics, Fly Stocks, and Constructs. The GE24923 P-element (Genexel), which inserted 366 bp 5Ј of Gr64a, was mobilized by genetically introducing the transposase using the ⌬2-3 line (37): w;Sp/CyO; ry Sb 1 P{ry[ϩt7.2] ϭ ⌬2-3}99B/TM6B (Bloomington Drosophila Stock Center, Bloomington, IN). To identify the Gr64 ab deletion, we screened Ϸ800 lines by PCR as previously described (38) using the following primers: P1, 5Ј-TTATTA-GAAGCGCGCACACCTA CTC-3Ј; P2, 5Ј-ACAAGGATATC-CAGCGAAAGCGCA-3Ј (Fig. 2 A) .
To create the P[UAS-Gr64a] and P[UAS-Gr64b] transgenes, we amplified the coding regions of Gr64a and Gr64b from total labellar RNA by RT-PCR and subcloned the cDNAs into the pUAST vector (31) . The clones were sequenced, confirming that no mutations were introduced. The transgenic lines were generated by using standard procedures, and the transgenes were crossed into the w 1118 ;Gr64 ab background. The P[Gr5a-GAL4] and P[Gr66a-GAL4] transgenic flies were kindly provided by H. Amrein (Duke University Medical Center, Durham, NC).
Chemicals. Sucrose, glucose, maltose, D-arabinose, quinine, caffeine, and tricholine citrate were purchased from Sigma-Aldrich (St. Louis, MO), and trehalose was from Fluka (St. Gallen, Switzerland).
mRNA Tagging. The mRNA tagging protocol was modified from that described previously (30) . Approximately 400 fly labella were dissected and fixed in 1 ml of PBS with 1% formaldehyde and 0.5% Nonidet P-40 for 30 min at 4°C. A total of 140 l of 2 M glycine was added, and the samples were incubated for an additional 5 min at 4°C. The samples were washed three times with 1 ml of PBS and homogenized in 0.8 ml of homogenization buffer (HB: 150 mM NaCl/50 mM Hepes, pH 7.6/1 mM EGTA/15 mM EDTA/10% glycerol). Immediately before addition of the HB, we added the following to the HB at the indicated final concentrations: 8 mM vanadyl ribonucleoside complex (Sigma-Aldrich), 50 units/ml SUPERase-In (Ambion, Austin, TX), and a protease inhibitor mixture tablet (one tablet per 50 ml; Roche, Indianapolis, IN). The homogenate was then sonicated for 1 min at 30% intensity (using a Fisher Sonic Dismembrator, Model 500) and cleared by centrifugation for 10 min at 13,000 ϫ g. Anti-FLAG-M2 affinity agarose beads (Sigma-Aldrich) were washed four times with HB at 4°C by centrifugation for 1 min at 1,500 ϫ g. To coimmunoprecipitate the FLAG-tagged PABP and the associated polyadenylated mRNAs, we added 100 l of anti-FLAG-M2 affinity agarose beads to the cleared homogenate, which was then incubated for 2 h at 4°C. The beads were washed four times with the HB at 4°C and incubated in 100 l of elution buffer (50 mM Tris⅐HCl, pH 7.0/10 mM EDTA/ 1.3% SDS/50 units/ml SUPERase-In) at 65°C for 30 min to reverse the RNA::PABP crosslink. A total of 100 l of eluant was treated with 400 l of TRIzol (Invitrogen, Carlsbad, CA) and 100 l of chloroform, and the RNA extracted was finally dissolved in 40 l of RNase-free water. The P[UAS-hPABP-FLAG] transgenic flies used for these experiments were kindly provided by R. L. Davis (Baylor College of Medicine, Houston, TX).
RT-PCR Amplification of Gr RNAs. Two types of RNA preparations were used for performing the RT-PCR: (i) the mRNA tagging approach was used to prepare the RNA as described above (Fig.  1 ), or (ii) 100 labella were dissected and total RNA was extracted by using TRIzol reagent (Invitrogen) (Fig. 2) . The RNA samples were treated with DNaseI (Invitrogen) before the RT-PCRs were performed. Each pair of primers to a given Gr was designed to span at least one intron so that the products derived from mRNA and genomic DNA could be discriminated on the basis of size. Because elav has no introns, we used a no-reversetranscriptase control to confirm that the RT-PCR product was derived from mRNA instead of genomic DNA. A OneStep RT-PCR Kit (catalog no. 210212; Qiagen, Valencia, CA) was used for the RT-PCR. To perform the RT-PCR with total RNA we amplified for 30-35 cycles, and for the mRNA tagging experiments we used 40 cycles.
Behavioral Assays. The two-way choice assays were performed by using modifications of previously described procedures (25, 39) . For each assay, 30 flies (3-6 days old) were starved overnight on 1% agarose and then introduced into 72-well microtiter dishes filled with two types of test mixtures placed in alternating wells. Each test mixture contained 1% agarose and either blue dye (0.125 mg/ml brilliant blue FCF, catalog no. 027-12842; Wako Chemical, Richmond, VA) or red dye (0.2 mg/ml sulforhodamine B, catalog no. S9012; Sigma-Aldrich) and a test tastant. For the attractive tests, the wells were filled with (i) one sugar at two different concentrations or (ii) 2 mM fructose and a different sugar at a higher concentration (5-20 mM). A higher concentration of the second sugar was selected if it induced a PI of Ͼ0.8. The avoidance assays were conducted by using 2 mM fructose versus 5 mM fructose plus either 1 mM quinine or 6 mM caffeine. After allowing the flies to feed for 90 min at room temperature in the dark, the animals were frozen in the dishes at Ϫ20°C, and the numbers of flies with blue (N B ), red (N R ), or purple (N P ) abdomens were assessed by visual inspection. In those cases in which the colors were difficult to judge, the guts were dissected. If the amount of red dye was between 50% and 150% of the blue dye, the color was scored as purple. If the red dye was Ͼ150% or Ͻ50% of the blue dye, the fly was counted as red and blue, respectively. All behavioral assays (30 flies per test) were performed three to six times. The PI values were calculated according to the following equation: PI ϭ (N B ϩ 0.5 N P )/N Total or (N R ϩ 0.5 N P )/N Total . The dyes did not cause preference changes, because no differences in PIs were caused by switching the dyes. For example, in those assays in which wild-type flies were allowed to choose between 5 mM sucrose and 2 mM fructose, the PI values were 0.96 Ϯ 0.04 when blue and red dyes were used for sucrose and fructose, respectively, and 0.97 Ϯ 0.03 when blue and red dyes were used for fructose and sucrose, respectively. The wild-type control was Canton S, which showed behavioral responses indistinguishable from the parental P-element insertion line (GE24923) (SI Fig. 6 ).
Electrophysiology. Tip recordings on labellar bristles were performed according to procedures similar to those previously described (25) . Briefly, to provide a reference electrode and to stabilize the fly for the recordings, we inserted a glass capillary with Ringer's solution into the abdomen so that it extended through to the fly head. The electrolyte used in the recording electrode (10-20 m in diameter) was 30 mM tricholine citrate.
The recordings were performed on the L4 sensilla (flies Յ1 day after eclosion). The signals were collected and amplified from the recording electrode through a preamplifier (TastePROBE; Syntech, Hilversum, The Netherlands) and a 100-to 3,000-Hz band-pass filter. Autospike 3.1 software (Syntech) was used to acquire the action potentials (9.6-kHz sampling rate) and to analyze the frequencies. For most sugars we used 100 mM, which is the concentration typically used in previous analyses (28, 35) . We used 50 mM sucrose because this sugar induced a much higher frequency of action potentials than other sugars. All recordings using a given genotype and tastant were performed five to seven times.
Data Analyses. All error bars represent SEMs. Unpaired Student's t tests were used to check for significant differences between the indicated pairs of data ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01).
